There is no obvious morphological counterpart of the autopod (wrist/ankle and digits) in living fishes. Comparative molecular data may provide insight into understanding both the homology of elements and the evolutionary developmental mechanisms behind the fin to limb transition. In mouse limbs the autopod is built by a "late" phase of Hoxd and Hoxa gene expression, orchestrated by a set of enhancers located at the 5′ end of each cluster. Despite a detailed mechanistic understanding of mouse limb development, interpretation of Hox expression patterns and their regulation in fish has spawned multiple hypotheses as to the origin and function of "autopod" enhancers throughout evolution. Using phylogenetic footprinting, epigenetic profiling, and transgenic reporters, we have identified and functionally characterized hoxD and hoxA enhancers in the genomes of zebrafish and the spotted gar, Lepisosteus oculatus, a fish lacking the whole genome duplication of teleosts. Gar and zebrafish "autopod" enhancers drive expression in the distal portion of developing zebrafish pectoral fins, and respond to the same functional cues as their murine orthologs. Moreover, gar enhancers drive reporter gene expression in both the wrist and digits of mouse embryos in patterns that are nearly indistinguishable from their murine counterparts. These functional genomic data support the hypothesis that the distal radials of bony fish are homologous to the wrist and/or digits of tetrapods.
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evolution | development | autopod | gene regulation | Hox T he origin of novel features is a key question in evolutionary biology, and the autopod-wrists, fingers, ankles, and toesis a hallmark example (1) . Although paleontological data, such as that from the Devonian lobe fin Tiktaalik roseae, reveal a sequence of changes in the elaboration of the bony elements of fins into limbs (2) , in living taxa there is a lack of obvious homology between the wrist and digits of tetrapod limbs and the pectoral fin skeleton of extant fish (3) . Tetrapod forelimbs are generally composed of a series of long bones (upper arm and forearm), followed by small nodular bones (wrist), and ending in another group of long bones (digits). Ray-finned (Actinopterygian) pectoral fins are diverse but are usually composed of a series of long proximal radials, followed by a set of smaller distal radials. The open question remains: do extant fish have the equivalent of wrists or digits?
The molecular mechanisms governing the development of mammalian limbs have been approached in mouse models through multiple levels of analysis, from chromatin dynamics, to enhancer sequence, to gene expression patterns (4) . Murine limbs display two successive phases of gene expression of the HoxD and HoxA gene clusters. The initial or "early" phase of expression begins with members at the 3′ end of the clusters being expressed broadly, and members at the 5′ end of the cluster being activated in an increasingly restricted number of cells (5) . This "early" phase of Hox expression is associated with the development of the upper arm (stylopod) and forearm (zeugopod). The initial wave of Hox expression is followed by a temporally distinct second activation of Hox genes, this time beginning with members of the 5′ end of the cluster being expressed most broadly and in the presumptive digits. This second, "late" phase of expression is necessary for autopod formation, as evidenced by a loss of this domain resulting in deletion of the wrist and digits (5) . The genomic regulatory elements and chromatin dynamics responsible for enacting these two phases have been studied in detail in the HoxD cluster, where the "early" and "late" phases are governed by enhancers that lie on opposite sides of the HoxD cluster-3′ and 5′, respectively-and activated in turn by shifting domains of open chromatin (6, 7) . In addition, recent work has identified a series of enhancers that drive late phase expression of the HoxA cluster in the developing mouse autopod in a fashion similar to that of HoxD (8) .
To what extent are the regulatory mechanisms that drive autopodial development present in fish fins and, if they are present, what is their developmental role? Previous work has shown that at least one of the "autopod" enhancers (CsB) is present and active in the common ancestor of gnathostomes (9) . Additionally, recent work in zebrafish has shown that the early and late topological chromatin domains are indeed observed in bony fish (10) . However, teleost fish enhancer domains were unable to drive reporter gene expression in the developing digits of transgenic mice, suggesting that although bony fish do contain a version of the autopod regulatory apparatus, these enhancers
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The fossil record shows that the wrist and digits have an aquatic origin, becoming recognizable in a group of (mostly extinct) fish that contained robust fins. Do the fins of living fishes have the equivalent of these structures? Because comparisons of fin and limb morphology have been inconclusive, we sought to investigate this question using developmental and molecular data. By utilizing a nonmodel fish (the spotted gar), we find that the regulatory networks that control "wrist and digit"-building genes (Hox) are deeply conserved between fish and tetrapods. The genomic architecture described here defines Hox gene activity in fins and limbs as equivalent, in turn suggesting equivalence between the distal bones of fish fins and the wrist and/or digits of tetrapods.
are not responsive to the regulatory program present in murine digits (10) . Thus, the number, extent, and function of "limb" enhancers in fish remain to be fully explored, especially in fish species outside those of traditional model systems that might resemble ancestral characters more closely than teleosts.
To address these issues, we used a combination of epigenetic profiling in zebrafish and phylogenetic footprinting using the genome assembly of the recently sequenced spotted gar (Lepisosteus oculatus) (11) to investigate the enhancers that control hoxd and hoxa expression in bony fish. The phylogenetic position of gar is crucial to our investigation, in that gar represents a lineage that diverged from teleost fishes before the teleost genome duplication, an event that may cloud studies of regulatory evolution (Fig. 1A) (12) (13) (14) . The data presented here reveal an unprecedented and previously undescribed level of deep conservation of the vertebrate autopod regulatory apparatus, suggesting homology between the distal radials of bony fish and the autopod of tetrapods.
Results
To identify orthologs of murine Hox limb enhancers in bony fish, we performed a multiple sequence alignment of the genomic region upstream of the HoxD and HoxA clusters from a number of tetrapod and teleost species (Figs. 1A and 2). Our initial survey revealed a dearth of sequence conservation for late phase enhancers in teleost species, aside from previously studied CsB, and an additional limb enhancer previously called Island III (6, 9). As we broadened our taxonomic input by including the genome of the spotted gar, we found peaks of conserved noncoding elements for the HoxD late phase digit enhancer Island I (Fig.  1A ) and the HoxA late phase enhancers e16, e13, and e10 ( Fig. 2 ) (6, 8) . We reasoned that the unduplicated nature of the gar genome makes its Hox clusters a better representative of the common ancestor of bony fish (Osteichthyes), revealing sequences that have diverged beyond recognition in derived, duplicated teleost genomes (13) .
To identify potential orthologs in the zebrafish genome that are not revealed by sequence conservation, we performed the "Assay for Transposable Accessible Chromatin" (ATAC-Seq) on 24 hours postfertilization (hpf) zebrafish embryos, as well as embryonic day 12.5 (e12.5) mouse autopods as a control for the assay (15, 16) . ATAC-seq on mouse autopods significantly identified the majority of validated HoxD and HoxA enhancers with autopod activity (Figs. 1A and 2). Although not all previously defined Hox autopod enhancers were identified (e.g., Island I, CsB) in the mouse sample, we found substantial overlap of our ATAC-seq peaks with validated limb enhancers from other studies (Table S1 ), making us confident that the assay would be able to identify enhancers in zebrafish. We performed ATAC-seq on whole-body zebrafish embryos and noticed an area of open chromatin in the genome near the atp5g3a gene that roughly matched the genomic coordinates of the late phase enhancer Island I (Fig. 1B) . To determine whether this region interacts with the zebrafish hoxd13a promoter, we performed "Circular Chromatin Conformation Capture" (4C-seq) to detect contact with enhancers up to ∼1 Mb away, on 48 and 60 hpf whole-body zebrafish embryos. We found that the area containing the putative ortholog of Island I in zebrafish significantly interacts with the hoxd13a locus at 60 hpf (Fig. 1B) . Because the assay was performed on whole embryos, it is possible that these interactions may not be specific to the developing fin. We did not observe significant contact between Island I and hoxd13a before 60 hpf, possibly owing to limitations on the numbers of fin cells available when using whole-body embryos for 4C-seq. Although the ATAC and 4C-seq data revealed genomic areas in zebrafish that could be orthologous to HoxA enhancers (Fig. S1 ), these areas contained multiple candidates, and thus we sought to characterize only the gar orthologs of HoxA where sequence orthology was clear.
Having identified potential enhancers according to chromatin structure and sequence conservation, we sought to characterize their activity by cloning the sequences from gar and zebrafish into reporter vectors and injecting them into zebrafish embryos to assay for domains of expression (17) . We performed transient injections of gar Island III, as well as the genomic "areas" from the gar genome that could potentially contain cryptic autopod enhancers (potential orthologs of mouse Islands II and IV not found by sequence alignment), and detected no fin signal for these regions (Table S2 ). In contrast, we were able to detect GFP in the pectoral fin of zebrafish embryos injected with constructs containing either gar Island I, CsB, or e16, which we raised to sexual maturity to obtain stable transgenic lines. The late phase enhancer gar Island I exhibited little activity at 31 hpf but increased and became distally restricted by 38 hpf (Fig. 3A and Fig.  S2 ). At 48 hpf, gar Island I drove a pattern of expression that was restricted to the anterior portion of the distal pectoral fin (Fig.  3A and Fig. S2) . Gar CsB drove a pattern of activity that was similar to that of Island I, with a peak of expression at 48 hpf but with a posterior-distal restriction to its expression. Of the three hoxA autopod enhancers that were identified in the gar genome by sequence conservation (Fig. 2) , e16 from mouse has been shown to drive the most robust native pattern of expression throughout the autopod of transgenic mice (8) . As a result, we chose to make stable transgenic zebrafish lines of the gar e16 regulatory element and found that it drove a distally restricted pattern of gene expression at 48 hpf, much like the late phase hoxD enhancers from gar ( Fig. 3A and Fig. S2 ).
Using the data from ATAC-seq, 4C-seq, and gar conservation as a guide, we cloned the putative region of Island I from zebrafish and tested its potential activity by cloning it into a reporter vector and producing stable zebrafish transgenic lines. We found that zebrafish Island I drives strong expression of GFP in the distal pectoral fin at 48 hpf, in a pattern similar to that of its gar ortholog (Fig. 3A and Fig. S2 ). To confirm that the activity of zebrafish Island I was present in the distal fin (and not simply active elsewhere in the body), we grew multiple F1 fish from one founder and collected a pool of distal fin cells from embryos at 48 hpf using FACS. We subjected these distal fin cells to ATACseq and found that open chromatin signal for Island I was enriched in this sample (Fig. 1B) . Combined with ATAC-seq and 4C-seq data, our transgenic zebrafish analysis indicates that zebrafish Island I functions endogenously as a distal fin enhancer acting upon the hoxd13a gene.
Because Island I from gar seemed to mark a distal compartment of the zebrafish pectoral fin, we sought to investigate whether Island I from mouse would elicit a similar pattern in zebrafish. To test this hypothesis, we cloned Island I from mouse into a zebrafish enhancer detection vector and again created independent stable lines of transgenic zebrafish. Mouse Island I drove a pattern of robust expression in the distal portion of the endochondral disk at 48 hpf, marking a distal segment of the fin much like its gar ortholog (Fig. 3B) . To further assess the activity of the other murine HoxD "autopod" enhancers when injected into zebrafish, we cloned mouse Islands II and IV and created stable zebrafish lines (at least three independent lines/construct). Both of these mouse enhancers drove GFP in the distal compartment of the zebrafish pectoral fin (Fig. 3B) . These experiments demonstrate that the mouse autopod enhancer Island I, when transgenic in zebrafish, drives expression in the same pattern and area (the distal endochondral compartment of the fin) as the fish ortholog of this enhancer. Furthermore, mouse autopod enhancers that may not be present in fish genomes (Islands II and IV) are active in this same distal portion of the zebrafish pectoral fin.
The late phase of Hox expression in the mouse autopod and zebrafish distal pectoral fin depend on sonic hedgehog (Shh) (18) (19) (20) . To test whether the expression driven by the gar late phase enhancers also depends on Shh signaling, we inhibited Shh function by adding its antagonist cyclopamine (20) to transgenic zebrafish embryos from 31 to 48 hpf. Embryos transgenic for the gar late phase enhancer Island I that were treated with cyclopamine had markedly decreased expression of the reporter at 48 hpf, whereas the overall fin morphology remained normal (Fig. 3C) . We repeated these experiments on five independent transgenic lines of gar Island I and found that nearly all embryos for all lines exhibited a loss of late phase GFP expression when treated with cyclopamine (n = 21 of 25, 5 embryos per line). These findings show that both mouse and gar late phase enhancers depend on Shh signaling and suggest that Shh control of distal Hoxd expression is an ancestral characteristic of bony fish.
Finally, to test whether the fish enhancers could respond to the trans-acting environment of developing tetrapod digits, we cloned Island I from zebrafish, and Island I, Island III, CsB, and e16 from gar, each into an Hsp68-LacZ reporter vector for mouse transgenesis. In line with previous findings using teleost enhancers (9, 10), zebrafish Island I did not elicit activity in the developing mouse digits at e12.5 (Fig. 4 and Fig. S3 ). The gar Island III construct, which failed to produce fin reporter expression in zebrafish fins, also failed to elicit reporter expression in transgenic mouse limbs (Fig. S3) . However, the gar late phase enhancer Island I drove a pattern of expression that was restricted to the posterior half of the limb, extending throughout the autopod and into the digits (Fig. 4) . In addition, the late phase element CsB from gar drove robust expression in the developing autopod and in the neural tube. Furthermore, we found that the e16 (hoxA) enhancer from gar drove strong expression in the entire autopod of transgenic mice at e12.5, with a sharp boundary at the zeugopod (Fig. 4) . In sum, gar Island I, CsB, and e16 evoked late phase patterns of activity in developing mouse digits that were nearly indistinguishable from those driven by the orthologous elements from the mouse genome (Fig. 4 and Fig. 5 ) (6, 8, 21) .
Discussion
Using a combination of model and nonmodel systems, functional genomics, and transgenesis, we have identified "autopod" building enhancers of the hoxD and hoxA cluster in the genomes of bony fish. We find that these enhancers drive distal expression in fish fins and respond to the same functional cue as their murine counterparts. There are likely to be three classes of "autopod" enhancers that emerge in comparisons between fish and tetrapods: those that are either fish or tetrapod specific, and those that are shared between the two groups. Here we have defined a potential minimum complement of enhancers that are shared between fish and tetrapods and were present in their common ancestor. Our investigations suggest that a set of enhancers are Fig. 4 . Late phase enhancers from the nonteleost gar drive expression throughout the autopod in transgenic mice. Island I from gar drove expression in a posterior strip throughout the autopod and to the distal tip of the developing digits. Gar CsB drove strong expression in the autopod and in the presumptive digits. The hoxA late phase enhancer e16 from gar drove robust expression in the entire autopod, with a sharp boundary at the zeugopod. In accordance with previous reports, Island I from the teleost zebrafish had no activity in the autopod of transgenic mice.
tetrapod-specific (6, 8) and may have been assembled during the fin to limb transition to elaborate the autopod (22) . However, a complete investigation of the total number of late phase Hox enhancers in fish is necessary to determine the pattern of regulatory elements gained or lost over evolutionary time. Overall, our results provide regulatory support for an ancient origin of the "late" phase of Hox expression that is responsible for building the autopod.
With a largely conserved regulatory system, the question remains as to how (or whether) changes to HoxD and HoxA enhancers have contributed to appendage evolution. It has been suggested that although late phase Hox expression is present in fish pectoral fins, a type of genetic "rewiring" of the regulatory landscape may have occurred in the transition from fins into limbs to produce digits (10) . Our data using zebrafish enhancers, together with previous reports, support the hypothesis that late phase enhancers are present in teleosts and are active during fin development but are unable to drive expression in the developing digits of transgenic mice (Fig. 4) (9, 10) . Our results show that in contrast to teleosts, gar late phase enhancers Island I, CsB, and e16 are able to drive expression throughout the mouse autopod (including digits) in a pattern that is markedly similar to those of the mouse enhancers (Figs. 4 and 5) (6, 8) . Taken together, these data suggest that at least a subset of regulatory elements that drive late phase expression of Hox genes was present in the last common ancestor of bony vertebrates (Osteichthyes) and have remained functionally conserved throughout evolution. Teleosts, perhaps owing to genome duplication followed by subfunctionalization (23) 
Regulatory data presented here define the late phases of Hoxd and Hoxa expression in the pectoral appendages of ray-finned fish and tetrapods as homologous domains. Thus, we suggest that the distal compartment marked by the late phase in fish, which will contribute to the distal radials, is equivalent to the autopod of tetrapods (Fig. 5) . This relationship raises the intriguing possibility that digits and/or mesopodials are an ancient feature of fish fins represented by distal radials, and makes a specific prediction testable by future genomic manipulations. Our data point to a generally conserved regulatory network governing Hox genes in fins, emphasizing the need to study subtle modifications to Hox regulation as well as additional genomic regions that may influence fin morphology and that emerged during the fin to limb transition.
Materials and Methods
VISTA Alignments. Genomic segments of interest were downloaded from the Ensembl and University of California, Santa Cruz genome databases and aligned using the mVista LAGAN program. The following parameters were used: calc window: 100 bps; Min Cons Width: 100 bps; Cons Identity: 70%.
Enhancer Cloning. Zebrafish and gar. Putative enhancers were amplified by PCR using primers found in Table S3 , purified genomic DNA, and Platinum Taq DNA polymerase High Fidelity (Invitrogen). PCR fragments (∼3 kb in length to accommodate flanking sequence) were gel purified using a NucleoSpin Gel and PCR Cleanup Kit (Macherey-Nagel) and subcloned into PCR8GW/GW/TOPO vector (Invitrogen) according to the manufacturer's protocols. Fragments were then moved via the Gateway system (Invitrogen) into either the pXIG-cFos-eGFP vector (17) for zebrafish transgenesis or to a Gateway-Hsp68-LacZ vector (kind gift of Marcelo Nobrega, The University of Chicago, Chicago) for mouse transgenesis. Final destination vectors were confirmed by restriction digest and sequencing. Mouse. Mouse islands were cloned in the PCR8GW/GW/TOPO vector as stated above. These enhancers were shuttled via Gateway into an enhancer detection vector composed of a gata2 minimal promoter, an enhanced GFP reporter gene, and a strong midbrain enhancer (z48) that works as an internal control for transgenesis. All these elements were previously reported (24) and were assembled with a tol2 transposon (25) . Zebrafish transgenesis. All zebrafish and mouse work was performed according to standard protocols approved by The University of Chicago. Zebrafish embryos (strain *AB) were collected from natural spawning. Transposase RNA was synthesized from the pCS2-zT2TP vector using the mMessage mMachine SP6 kit (Ambion) (26) . Injections solutions were made following Fisher et al. (17) , and ∼2 nL were injected into the cytoplasm of embryos at the one-or two-cell stage. Injected embryos were raised to sexual maturity according to standard protocols (17, 26) and outcrossed to *AB fish to identify transgenic founders by visualization of GFP. Transgenic embryos from founders were visualized using a Leica M205FA microscope. Mouse transgenesis. Mouse transgenesis was performed by Cyagen Biosciences. Briefly, enhancer-Hsp68-LacZ vectors were linearized with SalI, gel purified, microinjected into fertilized mouse oocytes, and transferred to pseudopregnant females. Embryos were collected at e12.5, stained for β-galactosidase activity, and genotyped with LacZ primers using DNA extracted from yolk sacs. A summary of primers used for mouse constructs as well as injection results appears in Fig. S2 and Table S2 . Cyclopamine treatment and RNA in situ hybridization. Cyclopamine was resuspended in 100% ethanol to make a stock of 10 mM and stored protected from light. Zebrafish embryos were dechorionated manually and placed into embryo medium containing 100 μM cyclopamine (LC Laboratories) in the dark from 31 hpf until fixation at 48 hpf. RNA in situ hybridization experiments targeting the GFP transcript were performed after 2 d of fixation in 4% PFA, according to standard protocols (27) .
ATAC-Seq.
Mouse. ATAC-seq experiments were performed as previously described (15) . Mouse autopods at e12.5 were isolated by cutting the limb at the zeugopod/ autopod boundary. Three autopods were placed in PBS supplemented with 0.125% collagenase (Sigma) and left shaking at 300 rpms for 20 min. The solution was then pipetted to make a homogeneous solution and filtered through a 0.45-μm cell strainer. A total of 50,000 cells were then subsequently used for transposition (15) . Zebrafish. Briefly, 10 zebrafish embryos were manually dechorionated, anesthetized with tricaine (Sigma), and disrupted in 500 μL of Ginzburg Fish Ringers (55 mM NaCl, 1.8 mM KCl, and 1.25 mM NaHCO3). The cells in the resulting solution were counted using a neubauer chamber, then pelleted at 500 × g in a tabletop centrifuge and washed with cold PBS. A total of 75,000 cells were lysed [lysis buffer: 10 μM Tris (pH 7.4), 10 μM NaCl, 3 μM MgCl2, and 0.1% IGEPAL (Sigma CA-630)] and incubated for 30 min at 37°C with the TDE1 enzyme. The sample was then purified with a Qiagen Minelute kit, and PCR was performed with 13 cycles using Ad1F and Ad2.1R primers (15) with KAPA HiFi hotstart enzyme (Kapa Biosystems). The resulting library was sequenced in a HisEq 2000 pair end lane producing 180 M of 49-bp reads per end. Reads were aligned using zebrafish July 2010 assembly (danRer7) as the reference genome. Duplicated pairs or those ones separated by more than 2 kb were removed. The enzyme cleavage site was determined as the position −4 (minus strand) or +5 (plus strand) from each read start, and this position was extended 5 bp in both directions. ATAC-seq on FACS-sorted cells were performed and analyzed in the same manner with the following modifications: ∼400 embryos from the gar Island I transgenic line were grown to 48 hpf, anesthetized with tricaine (Sigma), and placed in PBS supplemented with 0.125% collagenase (Sigma). Embryos were incubated at 37°C for 1 h shaking at 300 rpm, with gentle pipetting every 20 min to disrupt embryos. The solution was filtered twice with a 0.45-μm cell strainer to obtain a single cell suspension, and FACS sorted for GFP using an Avalon 2-4 machine at the University of Chicago. The resulting solution contained the 40,000 brightest GFP + cells and was processed immediately for ATAC-seq as described above. Statistically significant peaks were determined by extending ATAC-seq reads to 100 bp and using MACS software (28) with default parameters. Circular chromosome conformation capture. Circular chromosome conformation capture (4C-seq) assays were performed as previously reported (29) (30) (31) (32) . Five hundred zebrafish embryos at 48 or 60 hpf were dechorionated using pronase and disrupted in 1 mL of Ginzburg Fish Ringers (55 mM NaCl, 1.8 mM KCl, and 1.25 mM NaHCO 3 ). Isolated cells were treated with lysis buffer [lysis buffer: 10 mM Tris·HCl (pH 8), 10 mM NaCl, 0.3% IGEPAL CA-630 (Sigma), and 1× protease inhibitor mixture (cOmplete, Roche)] and the DNA digested with DpnII (NEB) and Csp6I (Fermentas, Thermo Scientific) as primary and secondary enzymes, respectively. T4 DNA ligase (Promega) was used for both ligation steps. Specific primers were designed at gene promoters, and Illumina adaptors were included in primer sequence. Eight PCRs were performed with the Expand Long Template PCR System (Roche) and pooled together. This library was purified with a High Pure PCR Product Purification Kit (Roche) and its concentration measured using the Quanti-iTTM PicoGreen dsDNA Assay Kit (Invitrogen, P11496) in a Qubit machine and sent for deep sequencing in an Illumina HisEq 2000 machine multiplexing 10 samples per lane. 4C-seq data were analyzed as previously described (31) . Briefly, raw sequencing data were demultiplexed using the primer sequences as barcodes and aligned using zebrafish July 2010 assembly (danRer7) as the reference genome. Reads located in fragments flanked by two restriction sites of the same enzyme, or in fragments smaller than 40 bp, were filtered out. Mapped reads were then converted to reads-per-first-enzyme-fragment-end units and smoothed using a 30-fragment mean running window algorithm. Values are number (percentage).
